Abstract. Under extreme conditions of high temperature and/or large quark (baryon) density, the vacuum of QCD changes its properties, and deconfinement, chiral symmetry restoration as well as chiral symmetry breaking take place. These transitions (phases) are accompanied by the rapid change in the rate and nature of topological transitions connecting different topological sectors. The heavy ion collisions (HIC) program opens a possibility to study these phenomena in so-called non-Abelian Quark-gluon plasma (QGP). In these phases the currents of light quarks (vector and axial-vector) can be independently examined for right-handed (RH) and left-handed (LH) quarks. To describe such a quark matter chiral chemical potential can be introduced to quantify the presence of chirality imbalance (ChI) i.e. the difference between the average numbers of RH and LH quarks in the fireball after HIC. In this review talk we will focus our attention on the discussion of the ChI related developments in heavy ion physics at central collisions and the plans for the future experiments aimed at establishing (or falsifying) the presence of Local spacial Parity Breaking (LPB) in heavy ion data. We describe some of experimental observables in detecting the signal of LPB. A number of measurements is proposed that allow to reach a definite conclusion on the occurrence of LPB effects in non-Abelian QGP produced in central heavy ion collisions and its simulation within a number of QCD-inspired models is outlined. Based on the effective meson theory in the presence of Chern-Simons interaction it is found that the spectrum of massive vector mesons splits into three polarization components with different effective masses. Moreover a resonance broadening occurs that leads to an increase of spectral contribution to the dilepton production as compared to the vacuum state. The asymmetry in production of longitudinally and transversely polarized states of ρ and ω mesons for various values of the dilepton invariant mass can serve as a characteristic indication of the LPB in CERES, HADES, PHENIX, STAR, NA60 and ALICE experiments.
Introduction and Outline
Nowadays Quantum Chromodynamics (QCD) represents a theory with known symmetries and well established elementary constituents. However their interaction leading to the observed hadron states still needs in the adequate description beyond the perturbation theory, especially, at low and intermediate energies.
It is widely believed that such a non-perturbative dynamics occurs due to the nontrivial topology of QCD vacuum as a consequence of the compactness of non-Abelian color gauge group S U (3) . Its compactness allows for topologically nontrivial configurations of the gluon field. These configurations essentially determine the QCD vacuum structure. The latter is composed of the superposition of an infinite set of topologically distinct states connected by tunneling instanton-like transitions [1] and becomes a "θ-vacuum" of the theory [2, 3] . It is likely that topological effects in QCD are responsible for the chiral symmetry breaking (see [4, 5] for a review).
With the light current quark masses negligible compared to relevant energy scales, the QCD Lagrangian has an approximate chiral symmetry. However this symmetry is not realized in the ground state due to formation of quark-anti-quark pair condensate in the QCD vacuum. This is of course the well-known phenomenon of spontaneously broken chiral symmetry which is a fundamental property of QCD. On the other hand, lattice QCD computations have shown that with increasing temperature such a vacuum condensate will be melting with the chiral symmetry being restored at sufficiently high temperature T > T c ∼ 170MeV [6, 7] . Therefore, chiral symmetry restoration at high temperatures is also a basic prediction of QCD. With such a symmetry in light quark sector, the currents (vector and axial-vector) in quark-gluon phase (QGP) can be independently examined for right-handed (RH) and left-handed (LH) quarks. To describe such a matter a chiral chemical potential can be introduced in order that to quantify the presence of chirality imbalance i.e. the difference between the numbers of RH and LH chiral fermions in the system. Quarks with specific chirality have their momentum direction correlated with spin orientation.
There remains however the crucial question of how to achieve a chiral QGP with chirality imbalance in the first place. The process of creating nonzero chirality pertains to the famous "chiral anomaly" [8, 9] . This anomaly implies the breaking of axial current conservation by quantum loop effects. Correspondingly, locally, chirality imbalance can be generated through nonorthogonal electric and magnetic field strength. Such fields can be either QED EM fields or QCD chromo-EM ones. In QCD the gluon configurations generating chiral imbalance globally exist: they are the topological solitons such as instantons and sphalerons. These topological objects play crucial role for nonperturbative dynamics in QCD vacuum [10] as well as in hot QGP [11, 12] . Such configurations have their global topological winding number Q w , and when coupled with chiral fermions, can generate an amount of global chirality imbalance via chiral anomaly: N R − N L = 2Q w for each flavor of light quarks. In short, the chirality imbalance is a direct manifestation of the QCD topological fluctuations and could become observable through the asymmetry in polarizations of dilepton pairs [13] in central heavy ion collisions (HIC) and the Chiral magnetic wave (CMW) in non-central HIC [14] . Summarizing one can say that the Chiral imbalance (ChI) of quarks is a remarkable phenomenon that stems from highly nontrivial interplay of chiral symmetry of QCD, axial anomaly, and the topology of gluon configurations.
In this talk we focus the reader's attention on the discussion of ChI related developments in heavy ion physics at central collisions and the plans for the future experiments aimed at establishing (or falsifying) the presence of Local parity breaking (LPB) in HIC data.
We describe:
Where and how does chiral imbalance appear: Phenomenology of parity breaking in finite volume.
Chiral imbalance in quark-gluon phase: topological charge vs. axial (chiral) charge: topological vs. chiral chemical potentials.
Chiral imbalance in hadronic phase: scalar, pseudoscalar, vector meson spectra [13] . Observables sensitive to chiral imbalance -manifestation of LPB in heavy ion collisions (HIC): dilepton polarization asymmetry [13] .
Phenomenology of parity breaking in finite volume
Parity is a well established global symmetry of strong interactions. Are there any reasons to believe it may be broken in a finite volume?! Local large fluctuations in the topological charge presumably exist in a hot environment and are responsible for LPB.
• Quantum fluctuations of θ parameter: P-odd bubbles [14] , their manifestation in Chiral Magnetic Effect (CME) [15] ) (an earlier proposal: [16] ).
• New QCD phase characterized by a spontaneous parity breaking due to formation of neutral pionlike background [17, 18] .
• High energy production of pseudoscalar gluelumps ⇔ of parity-odd bunches of gluon jets ⇒ then a PB background remains inside a hot dense nuclear fireball in HIC !?
Observable effects:
• For peripheral heavy ion collisions they lead to the Chiral Magnetic Effect (CME): Large B ⇒ large E ⇒ charge separation [14] .
• For central collisions (and light quarks) they correspond to a phase with axial chemical potential μ 5 0 located in "fluctons" of few-Fermi size [13] .
The two effects are complementary! 3 Topological charge and topological chemical potential In hot QCD (in heavy ion collisions) a metastable topological charge T 5 may arise in a finite volume due to sphaleron-like transitions [19] .
it may survive for a sizeable lifetime in a heavy-ion fireball ΔT 5 0 for Δt τ fireball 5 ÷ 10 fm/c;
For the fireball lifetime one can trigger the value of ΔT 5 0 introducing into the QCD Lagrangian a topological chemical potential μ θ in a gauge invariant way via ΔL top = μ θ ΔT 5 , where
We notice that in finite 3 + 1 dimensional volume the so-called index theorem does not work and the jump of topological charge is not necessarily integer.
Axial baryon charge and axial chemical potential
The exact operator law in QCD, the partial conservation of axial current (broken by current quark masses m q for light quarks q = u, d, s and gluon anomaly)
predicts the rigid relations between changes in topology of gauge configurations and the induced axial charge (for small quark masses m q 0). If the gluon and quark flows across the volume boundary of a fireball are reasonably small (a fireball is metastable) then,
and the chiral charge generated in a heavy ion collision is approximately conserved during τ f ireball .
The characteristic left-right oscillation time is governed by inverse quark masses. Indeed if an excess of left(or right)-handed quark states q L (x 0 = 0) arises in the fireball in the initial moment of central collision then their further evolution in the rest frame can be approximately characterized by the following equation,
Therefore after a period Δx 0 ∼ π/2m q left-handed quark states become essentially right-handed.
• For u, d quarks 1/m q ∼ 1/5 MeV −1 ∼ 40 fm τ fireball and the left-right quark mixing can be neglected during fireball life time.
• 
Thus one can think about a generation of chiral imbalance from non-trivial topological charge or visa versa inducing a topologically non-trivial gluon configuration by imbalance of left-and right-handed quark densities. As both properties are related locally one may get a parity violation generated by either charge in a finite volume of fireball and visible during fireball lifetime. How does μ 5 affect the hadronic phenomenology?
Effective meson theory in a medium with LPB
In the environment with chiral chemical potential the scalar sector can be described by using the spurion technique in the chiral Lagrangian with an isosinglet μ 5 [21] ,
where for three light flavors I q ≡ diag [1, 1, 0] in accordance with the preceding discussion. An effective Lagrangian is required to include the lightest isoscalar degrees of freedom such as σ and a 0 (980), which will be mixed with their pseudoscalar partners η, η and π, respectively. In the lowest order of chiral expansion such an effective lagrangian reads,
where 
The v.e.v. of the neutral scalars are defined as v i = Σ ii where i = u, d, s, and, in the chiral limit m = 0, satisfy the following gap equations:
where for non-vanishing isosinglet μ 5 we find our solutions to be Evidently for large μ 5 the correct solution has the following asymptotics,
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These solutions are depicted in the Fig.2 . We stress that the consistent solution with a finite limit for strange quark constituent mass v s v q exists if the term breaking U(1) A symmetry is in action. Meantime the constituent masses for light u, d flavours is growing with chiral chemical potential, first as ∼ μ 2 5 and next as ∼ μ 5 . Moreover even if the spontaneous chiral symmetry breaking is absent for M 2 < 0 in parity-even environment this CSB will be triggered by chiral imbalance.
The lattice computations perfectly confirm [22] this behavior against chiral chemical potential. 
For further purposes we need the non-strange meson sector and η s One, of course, should not expect the range of applicability of dim-4 meson lagrangian for chemical potentials larger than few hundreds of MeV. Nevertheless the predictions for lightest states, pions can be well controlled within the chiral perturbation theory.
New eigenstates of strong interactions with LPB (isotriplet)
We present a simple case of mixing due to LPB in the isotriplet sector with π and a 0 . The kinetic and mixing terms in the Lagrangian are given by
where
After diagonalization in the momentum representation, the new (momentum-dependent) eigenstates are definedπ andã 0 . a 0 mass shows an enhancement, but μ 5 has to be understood as a perturbatively small parameter. A better treatment ofã 0 would require heavier degrees of freedom.
New eigenstates of strong interactions with LPB (isosinglet)
Two new processes are likely to appear inside the fireball: the decays η, η → ππ that are strictly forbidden in QCD on parity grounds.
In a medium where parity is broken: are these processes relevant within the fireball? Can these particles reach thermal equilibrium?! There are no O(p 2 ) terms in the chiral Lagrangian involving vertices ηππ. O(p 4 ) terms lead to couplings such as
where L ∼ 10 −3 . A rough estimate of the partial width shows a strong dependence on μ 5 as Γ η→ππ ∝ μ 2 5 and gives values similar or higher than Γ ρ→ππ = 150 MeV.
In the isosinglet sector, we show the mixing of η, σ and η . The kinetic and mixing terms in the Lagrangian are given by
After diagonalization, the new eigenstates areσ,η andη . 
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The cubic couplings used to calculate the widthsη,σ,η →ππ from the Lagrangian are given by
After diagonalization, one replaces the initial {η q , η s , σ} to {η,σ,η } and {π, a 0 } to {π,ã 0 }.
The widths are firstly computed at the rest frame of the decaying particle and secondly with a boosted particle.
η exhibits a smooth behaviour with Γη ∼ 60 MeV ↔ mean free path ∼ 3 fm L fireball ∼ 5 ÷ 10 fm. Possible thermalization! Down to μ 5 ∼ 100 MeV,σ width decreases and becomes stable. The visible bumps in these two channels seem to reflect the tachyonic nature of the decayingπ.η width grows up to the GeV scale (violation of unitarity). More degrees of freedom are needed.
Small variations at low 3-momenta: 2 initial bumps slowly separate as one increases q. Γη(μ 5 , q) exhibits a saddle point at μ * 5 ∼ 240 MeV and q * ∼ 500 MeV. For large 3-momenta, a third interme- 2016) diate bump appears (creation of 2 tachyons) and grows fast as one increases q becoming the global maximum when q 700 MeV.
Vector mesons in a medium with LPB
LPB can be investigated in e.m. production of leptons and photons in hot/dense nuclear matter via heavy ion collisions.
• Thus e.m. interaction extends the axial charge by e.m. anomaly,
• Now chiral chemical potential μ 5 is conjugated to (nearly) conservedQ 5 .
• In the hadron phase QCD bosonization of totalQ 5 can be realized [13] with the help of meson Lagrangian and the Vector Meson Dominance providing a good precision in coefficients.
where Q = Massive MCS electrodynamics for vector mesons is described by the following lagrangian
In momentum space wave Eqs.
Energy spectrum for transversal polarizations is governed by
and for longitudinal polarization it remains intact,
After diagonalization of mass matrix the mass spectrum is given by 
Ifζ is an isosinglet the photon itself happens to be unaffected by CS interaction. The position of the poles for ± polarized vector mesons is moving with wave vector | k|. This splitting unambiguously signifies LPB. Can it be measured? → Dilepton production in HIC from the decays ρ, ω → e + e − potentially contains sufficient information on LPB.
Manifestation of LPB in heavy ion collisions in dilepton production
L, ± contribution for vector mesons before acceptance corrections: The PHENIX/STAR anomaly: an abnormal e + e − yield is observed in central HIC. Figure 6 . Abnormal excess of dileptons: on the left PHENIX data [23] and on the right STAR data [24] It may be explained partially by the local parity breaking shown in Fig.5 
Polarization asymmetry: dilepton angular distributions
In [25] it was suggested to detect a splitting of dilepton polarizations averaged over angular sectors. There are two convenient choices of this splitting. Case A: the angle θ A between the two outgoing leptons in the laboratory frame. 
Conclusions and Outlook
In the report a medium (a fireball) is regarded with chiral imbalance occurring in heavy ion collisions at high energies. To describe such a quark (hadron) matter chiral chemical potential can be introduced to quantify the presence of chirality imbalance i.e. the difference between the numbers of Right-(Left-)handed quarks in the fireball after HIC at central collisions. In such a medium (in hadron phase) the possibility of phase formation with a Local special Parity Breaking is described. Based on the effective meson theory in the presence of Chern-Simons interaction it is found that the spectrum of massive vector mesons splits into three polarization components with different effective masses. Accordingly a resonance broadening occurs that leads to an increase of spectral contribution to the dilepton production as compared to the vacuum state. In particular, in a hadron phase some of experimental observables are presented for detecting the signal of LPB. The asymmetry in production of longitudinally and transversely polarized states of ρ and ω mesons for various values of the dilepton invariant mass can serve as a characteristic indication of the LPB in CERES, HADES, PHENIX, STAR, NA60 and ALICE experiments. Also QCD-motivated models are considered from whose properties the phenomenon of LPB could be found. The results are compared with lattice calculations for the investigated phases.
